group of proteins named after the human mitochondrial transcription termination factor mTERF1. These proteins have a modular architecture based on repetitions of a 30-aminoacid mTERF motif (5). Studies of the crystal structure of mTERF1 have revealed that these mTERF motifs associate to create a helical structure apparently involved in nucleic acid binding (6). Vertebrates have four mTERF paralogs. In humans mTERF1 is a sequence-specific DNA-binding protein responsible for mitochondrial transcription termination at a site adjacent to the mitochondrial rRNA genes (6). mTERF2 can bind to mitochondrial DNA (7) and at least in mouse appears to influence transcription (8).
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mTERF3 acts as a specific repressor of mammalian mtDNA transcription initiation in vivo (9) .
Here, we show that 11 of the 35 annotated Arabidopsis mTERFs are targeted to plastids. Genetic complementation indicates that early embryo arrest is a characteristic phenotype of mutation in mTERF/At4g02990, while in vitro cell culture and analysis of genetic mosaics reveals a postembryonic phenotype of a growth-compromised albino, which suggested the gene name BELAYA SMERT' or "white death" in Russian.
Exogenously supplied phytohormones and plastidic homomeric acetyl-CoA carboxylase ACC2 promoted the survival of bsm mutant cells, suggesting that biosynthesis of growth factors and malonyl-CoA underpin the non-autonomous and autonomous cell functions of plastids in Arabidopsis development.
Results
Arabidopsis has at least eleven plastid-localized mTERF proteins. Flowering plants have the highest number of mTERF genes amongst eukaryotes (Table S1 ). Green fluorescent protein (GFP) fusions of all members of the Arabidopsis mTERF family showed that 11 mTERF proteins were targeted to chloroplasts and 17 to mitochondria, while one fusion was distributed equally between the nuclei and the cytoplasm (Fig. S1 ).
Six gene fusions showed no GFP expression. The detection of conserved protein motifs revealed the presence of two motifs specific for Arabidopsis mTERF proteins targeted to the mitochondria ( Fig. S2 ; Table S2 ). Integration of genome organization information (10) reveals species-specific gene family expansion via tandem duplication both in rice and Arabidopsis (with 45% and 25% of mTERF homologs in tandem, respectively) ( Fig.   S3 ). In contrast, plastid-targeted mTERFs belong to a single subtype, probably representing the ancestral family composition.
To determine the involvement of plastid mTERF in embryo development, we have surveyed T-DNA insertion mutant alleles. Plants with mutations in four genes developed seeds with arrested embryos (Table S3 ). The bsm mutant has been first identified and first characterized in detail.
bsm cells are albino and dependent on exogenous phytohormones. In a progeny of BSM/bsm plants, 25% of the seeds had embryos arrested at the late globular stage of development (Fig. 1A) . Immature mutant seeds remained white, indicating a failure of the endosperm and embryo to differentiate chloroplasts. These developmental defects were complemented by both wild-type BSM protein as well as its GFP and tandem affinity purification (TAP) tag fusions.
Dry seeds with arrested embryos were cultured in vitro. While wild type seeds germinated within 2 to 3 days, the first germination events with bsm seeds were only observed after 3 weeks, and lead to poor-growing, malformed albino seedlings (Fig. 1B) .
Therefore, to induce cell proliferation and de novo organogenesis these bsm seedlings were transferred to medium supplemented with cytokinin and auxin, resulting in stable shoot cultures that maintained a slow growth over several years (Fig. 1C) . DNA gel blot hybridization showed that the shoot cultures were homozygous for the mutant bsm allele and contained chloroplast DNA (Fig. 1D ). We concluded therefore that phytohormones promote the growth of albino bsm cells.
BSM gene deficiency affects processing and steady-state levels of plastid transcripts.
Plastids possess two types of DNA-dependent RNA polymerases, a nuclear-encoded bacteriophage-type RNA polymerase (NEP) and a bacterium-type multi-subunit RNA polymerase (PEP). The PEP catalytic core requires products of the plastid genes rpoA, rpoB, rpoC1 and rpoC2 (11) . Plastid-encoded class I genes such as rbcL are transcribed predominantly by PEP. Class II genes are transcribed by both PEP and NEP, whereas a few class III genes, such as rpoB and accD are thought to be transcribed exclusively by NEP (12) . In Arabidopsis, rRNA genes belong to class II, but PEP is responsible for most transcriptional activity of rrn16S and rrn23S genes (12) .
Mature 16S rRNA and 23S rRNA were not detectable in bsm cells (Fig. 1E) . The PEP-dependent expression of the protein coding genes rbcL and atpA was similarly affected, while clpP transcripts levels increased (Fig. 1E) . A similar response characterized albino tobacco plants mutated in PEP RNA polymerase (13) .
To understand the changes in clpP transcript size, we analyzed it's splicing by RT-PCR. In Arabidopsis, the coding region of clpP is disrupted by two introns that belong to group IIb and group IIa classes. In albino shoots, RT-PCR showed that the second clpP group IIa intron was not spliced (Fig. 1F) . The last gene exon codes for the 85-amino-acid residues that include two residues of a clpP catalytic triad, indicating that the mutant polypeptide is catalytically inactive (14) . The plastid ClpPR protease complex is reported to be essential in both tobacco and Arabidopsis (15) .
Protein-coding regions of plastid genes for the AtpF subunit of the ATP synthase and ribosomal proteins Rpl2 and Rps12 are interrupted by group IIa introns (16) . The production of the rps12 open reading frame also requires a trans-splicing event of a IIb intron. Results show that rps12 trans-splicing was normal but that atpF, rpl2 and rps12
group IIa introns were not spliced in bsm cells (Fig. 1G ). These non-spliced transcripts encode mutant proteins, of which AtpF 1-48 and Rpl2 are most probably non-functional.
Arabidopsis plants with defective atpF splicing are albino (17) .
RNA editing increases the complexity of the plastid transcriptome. Editing can influence both the protein activity and be affected by pigment deficiency (18, 19) .
Sequencing of cloned cDNA-derived PCR fragments suggested that the clpP and accD transcripts were fully edited in the mutant. Fig. 2 A-C) . Spectinomycin abolished splicing of atpF, rpl2, rps12 group IIa introns, but not of the clpP second intron (Fig. 2D) . Thus, processing of the clpP transcript is BSM-dependent and probably does not require MatK, suggesting a more direct role for BSM in clpP second intron splicing.
Splicing of clpP group
BSM is an mTERF-like protein. BSM protein sequence was aligned to create a structural model of the BSM protein with I-TASSER (23), taking advantage of the recently solved crystal structures of human mTERF1 (6) . BSM is slightly larger than mTERF1, and the model suggests that BSM consists of a central core that is structurally homologous to the mammalian mTERFs flanked by N-and C-terminal extensions (Fig.   3A ). The mTERF fold appears to have evolved to mediate protein-nucleic acid interactions. In this respect, the model predicts that BSM should be capable of binding double-stranded DNA and suggests a similar mode of interaction to that observed in human mTERF1 (Fig. 3B) . Nevertheless, conservation of the critical residues that enable human mTERF1 to bind and recognize DNA (6) were not observed in BSM, probably reflecting a completely different nucleic acid binding specificity. Moreover, the N-and Cterminal extensions in BSM could conceivably confer additional functionalities to the protein, although it is also possible that they simply allow BSM to interact with a DNA sequence longer than the 21 base pairs contacted by human mTERF1. To verify these conclusions, bacterially produced 6xHis-BSM was refolded on Ni + -beads and incubated with radioactively labeled, double-stranded restriction fragments of cloned Arabidopsis chloroplast DNA. While 6xHis-BSM bound DNA, no preferential retention of cpDNA fragments was observed (Fig. 3C ).
Next we characterized BSM protein fusions produced in planta. BSM-GFP was targeted to chloroplasts (Fig. 3D ). When purified chloroplasts were treated with protease, BSM-TAP proteolysis was facilitated by non-ionic detergents, indicating that the protein is localized within plastids (Fig. 3E) .
mTERFs are components of mitochondrial nucleoid in animals (7, 24) .
Chloroplast nucleoids are known to partition both into Triton-insoluble 20.000 x g chloroplast preparations (25), and in soluble >3MDa complexes of chloroplast (26). In cell extracts prepared using non-ionic detergents such as Triton X-100 or Nonidet P-40
( Fig. 3F) , half of the BSM-TAP was retained in a soluble complex that did not enter the Blue-Native (BN) polyacrylamide gels at a >2 MDa cut-off. Other methods. Sequences were analyzed as described (10) . GATEWAY recombinational cloning was used routinely (Invitrogen). mTERF primer sequences are in a Table S4 . The binary vector for mosaic analysis was pB6Act1 (42). Lipids were extracted from mutant and wild-type calli and their fatty acid compositions and contents were quantified via their methyl esters as described (43). The NativePAGE Novex BisTris Gel system (Invitrogen) was used for BN-PAGE.
TAP-tags were visualized using the peroxidase-antiperoxidase soluble complex P1291 (Sigma-Aldrich) at a 1/1000 dilution. The GFP antigen was detected with 1/2000-diluted primary rabbit anti-GFP antibody AB3080 (Chemicon International) and 1/10000-diluted secondary ECL anti-rabbit IgG horseradish peroxidase-linked whole antibody from donkey NA934V (GE-Healthcare). Peroxidase activity was detected with the Western Lightning Chemiluminescence Reagent Plus (Perkin Elmer Life) and highperformance chemiluminescent film, Hyperfilm ECL (GE-Healthcare). 32 P-labeled DNA probes were prepared with nucleic acid labeling Readiprime II random prime labeling system (GE-Healthcare). Gene fragments for labeling were amplified by PCR with genespecific primers (Table S4) . The first, group IIb intron of rps12 is encoded by two different genes, which requires a trans-splicing event for its processing. This is a reason why PCR product is generated only with cDNA, but not with DNA as a template. Fig. 1F and G. RNA was extracted from albino shoots (w) or green shoots (g).
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Control PCR on genomic DNA (C). and bacterial -galactosidase ( -GAL) were produced in Escherichia coli and purified on Ni + -resin. The empty pET11b plasmid was used as control (pET11b). Beads with absorbed proteins were incubated with 32 P-labeled NotI-NcoI restriction fragments (probe) of cloned chloroplast DNA of Arabidopsis. Beads were washed, bound DNA was purified and resolved by agarose gel electrophoresis. (D) BSM-GFP localization in chloroplasts. The control protein fusions RBCS-GFP and JOV 1-169 -GFP visualized chloroplast stroma and mitochondria. Shown are the entire protoplast and a close-up of chloroplasts from the same cell. Auto-fluorescence of chlorophyll visualize chloroplasts, which are false colored in magenta. Green is GFP fluorescence. Bars = 100 μm. (E) BSM-TAP is localized inside of chloroplasts. Percoll-purified chloroplasts of transgenic plants that co-produce BSM-TAP and small subunit of Rubisco (RBCS-GFP) or ferredoxin (FDX-GFP) were incubated in an isotonic buffer at 4 C or at 25 C for 30 min. Samples were differentially supplemented with a protease thermolysin and non-ionic detergent Triton X-100. GFP fusions of proteins known to be localized in chloroplast stroma were used as controls and biological repeats. (F) BSM-TAP is involved in intermolecular interactions. Live protoplasts from leaves of wild-type plants (C) or genetically complemented plants (B) that produced the BSM-TAP were used as starting material. On the 3-12% BN gel and its blot with separated samples from protoplasts lysed in the presence of 1, 0.5 or 0.1% of digitonin, the abundant protein complex migrating at approximately 500 kDa corresponds to a heteromeric ribulose-1,5-bisphosphate carboxylase-oxygenase (Rubisco) and provides a gel loading control. Asterisks mark non-specific signals also present in control, arrow points BSM-TAP. (Fig. S2) suggested that the annotated At5g06810 locus actually consists of two tandemly duplicated genes that were fused in one by the genome annotation software. With this assumption in mind, a new reverse PCR primer was used to amplify the coding region of the first putative gene, and the resulting GFP fusion localized to the mitochondria. This result suggested that (i) the lack of GFP localization data for some genes analyzed in our study could be due to the mis-annotations of mTERF genes in the Arabidopsis genome; (ii) analysis of conserved protein motifs is indicative of protein localization (Fig. S2) . (5), and aligned with T_Coffee (6). After the alignment had been edited and the non-conserved positions been removed, a phylogenetic tree was computed with PhyML (7) by applying the JTT substitution model, 500 bootstrap samples, estimated proportion of invariable sites, four substitution categories, estimated gamma distribution parameter, the BIONJ distance-based tree as starting tree and without tree optimization (default parameters for protein sequences). For protein motifs identified with MEME (1), motif regular expressions are reported (Table S2) Hand sections of leaves from the mosaic plant that expresses the P tgg1 :TGG1-GFP reporter.
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